ITERALLY, the composite term "transposition" means "crossed position." With reference to the great arteries it means that the great arteries reverse their interrelationships. According to most investigators the term "transposition of the great arteries" is linked to two anatomic requirements; the great arteries should reverse their mutual interrelationships and, in addition, they should also reverse their interrelationships with the ventricles. The purpose of this report is to describe the spectrum of transposition complexes and to propose a modification in the interpretation of the term From the
ITERALLY, the composite term "transposition" means "crossed position." With reference to the great arteries it means that the great arteries reverse their interrelationships. According to most investigators the term "transposition of the great arteries" is linked to two anatomic requirements; the great arteries should reverse their mutual interrelationships and, in addition, they should also reverse their interrelationships with the ventricles. The purpose of this report is to describe the spectrum of transposition complexes and to propose a modification in the interpretation of the term "transposition." Accordingly, the term "transposition" is restricted only to the mutual interrelationships of the great arteries (or semilunar valves) regardless of their ventricular origin. The embryologic basis of this approach is presented.
Material and Methods
The embryologic information in this report is based on a study of human embryonic hearts carried out in the Department of Embryology of the Carnegie Institution of Washington. Details have been published elsewhere.1, 2 The pathologic material in our study includes the following conditions: (1) Complete transposition of the great arteries (92 specimens). In two of these cases, the transposed aortic valve displayed fibrous continuity with the tricuspid valve. In a third case, a fairly long conus was interposed between the transposed pulmonary valve and the mitral valve. There was no ventricular septal defect in this case. (2)Double outlet right ventricle (26 cases) . Six of these were considered typical examples of the Taussig-Bing malformation. In a seventh case, the general anatomy was that of a Taussig-Bing malformation but the aortic valve displayed fibrous continuity with the tricuspid valve. To present the various types of development encountered in our cases, we have selected specimens from eight cases which we will describe in detail.
Definition of Terms
The term "conus," according to Van Praagh and Van Praagh,4 applies to the muscular cardiac segment intervening between the semilunar and atrioventricular valves.
The term "transposition of the great vessels" (TGA) is a nonspecific term which implies that each of the semilunar valves is displaced relative to its own normal position. 5 The term transposition, as used here, does not apply to the relationships between the semilunar valves and the ventricles. Hence, the great arteries may be transposed and still arise from either of the ventricles or from both sides of the septum. Each variety of TGA is further signified by a specific title which is defined later in the text. It is our opinion that the ventricles and the great arteries assume their "side" position as a result of rotational processes. Hence, "situs inversus" of the heart as well as its related pathologic conditions presents mirror image situations of situs solitus cases with their related pathologic conditions. In this text only situs solitus conditions are discussed.
The term "d-transposition" means that the aorta is to the right of the pulmonary artery6 (relative to the ventricular septum), while the term "i-transposition" implies that the aorta is to the left of the pulmonary artery. d-loop means that the right ventricle is in its appropriate right side and i-loop indicates that the anatomic right ventricle is on the left side, being inverted.6
The term "double outlet right ventricle"7 indicates that one of the two great arteries (or their conuses) arises exclusively from the right ventricle and the other great artery (or its conus) arises either partially or exclusively from the right ventricle.
The Embryology of the Conotruncus
The definitive shape of the outflow tracts of the ventricles is primarily due to three developmental processes :2 conotruncal (bulbar) inversion, leftward shift of the conoventricular junction, and absorption of the conus.
Conotruncal Inversion
In the primitive cardiac tube the predecessor of the aortic pathway is on the right side and in line with the right half of the right ventricle. The pulmonary pathway is on the left and in line with the left half of the right ventricle. The inversion of the arterial pathways, or conotrunci, so that the aorta will become relatively left-sided while the Circulation, Volume XLVIII, pulmonary artery becomes relatively right-sided, is a process that occurs in two stages. The first one takes place during the d-looping, and it is described as rotation of the conoventricular junction of 1100 in the counterclockwise direction8 9 (that is, looking downstream). Consequently, the proximal parts of the coni reverse their relationships so that the aortic conus is transferred to the back and the left side of the right ventricle. In the second stage, which occurs later, the truncus (semilunar valves) rotates in the same manner as the proximal parts of the coni did,2'9 thus completing the inversion of the conotruncus. As a result of the truncal rotation, the spiral course of the conotruncus is reduced, while the great arteries become entwined.
Leftward Shift of the Conoventricular In this process, which occurs during horizon XVI, the conus which is on the left side (normally the aortic conus) moves leftward to spatially override the left ventricle. Consequently, flow concordance is achieved between the ventricles and the proximal coni. During that shift some reverse rotation of the ostium bulbi occurs. 9 11 Absorption of the Conus Absorption reduces the length of the aortic conus from about 400 ,m in horizon XV to 20 gm in horizon XIX.2 Consequently, in the definitive heart there is an aorticomitral fibrous continuity. 4' 12,13 The proximal half of the pulmonary conus is also absorbed and its length is reduced from about 400 microns to about 200 microns. As a result of the absorption of the proximal conus (underneath the aorta and the pulmonary artery) the distal conus with its septum is conveyed toward the ventricles.2 In the definitive heart the conal septum appears as the subpulmonary portion of the ventricular septum. fig. 3a) . The conotruncal septum is characteristically in transverse orientation. The septal end of the conus septum (conus ridge 1) joins either the left wall of the left ventricular outflow tract or the supramitral parietal wall of the conus. The latter occurred in one of our six specimens of TGA with posterior aorta. In two of our six cases, no conal septum was present, the transverse ridge being the truncal septum. fig. 3b ): As in true double outlet right ventricle, both coni arise in this situs solitus specimen exclusively from the right-sided right ventricle. The difference, however, between this and the ordinary DORV type II is that the aorta is anterior and to the left of the pulmonary artery, a situation which is seen in corrected transposition and which is defined as 1-transposition. The pulmonary (rather than the aortic) conus is continuous with the tricuspid valve ( fig. 3b) . A similar case in which the pulmonary conus was absorbed and pulmonary-tricuspid fibrous continuity was present was reported by Shafer and associates.22
Discussion
In the normal heart the definitive shaping of the ventricular outflow tracts depends upon complete conotruncal inversion in the counterclockwise direction, leftward shift of the conoventricular junction, total absorption of the aortic conus and proximal absorption of the pulmonary conus. In transposition complexes there is invariably faulty inversion of the conotruncus. In addition, greater or lesser degrees of faulty development in absorption of the conus and in the leftward shift of the conoventricular junction account for the variability of transposition complexes.
The common denominator of Cases 1-7 is dtransposition of the semilunar valves in situs solitus. Except for Cases 1 and 8 which are rare, the typical side-to-side, oblique and anteroposterior intersemilunar relationships which are characteristic for complete TGA were observed in each of the malformations in that spectrum.1518 In addition, in each of the varieties-of conditions in Cases 1-7, the conus septum is also inverted (developmentally non-inverted). One arrives at the conclusion that the conus septum is pathologically inverted because the septal end of the conal septum (conal ridge 1), which is normally anterior, is invariably inserted into the posterior parietal wall of the conus above the junction of the mitral and tricuspid valves. In the normal heart it is the parietal end of the conal septum (conal ridge 3) which is inserted at this site. Another relatively consistent feature in dtransposition (in situs solitus) is the characteristic location of the aortic valve with reference to the tricuspid valve and the persistence of the supratricuspid aortic conus. Rarely, however, fibrous continuity of the aorta and tricuspid valve may be This situation is identical to "true" double outlet right ventricle type II, except for the reverse interrelationships of the great arteries (aorta in the front and to the left). CS = conus septum; AC = aortic conus; PC = pulmonary conus; M -anterior mitral leaflet; PA = pullmonary artery. encountered (three specimens in this series). The location of the aortic valve and the aortic conus on the relative right side and the inversion of the distal conus septum indicate that in the spectrum of dtransposition (in situs solitus) conotruncal inversion failed to occur.9 The anatomic as well as the developmental variables in this spectrum of dtransposition (in situs solitus) are the length of the conus and the spatial position of the pulmonary conus and/or valve. Accordingly, in the bulboventricular heart the conus is as long as the right ventricle and it exclusively arises from the right ventricle. In DORV type II, the conus is short (proximal conus bilaterally absorbed, distal conus bilaterally persists) and it arises exclusively from the right ventricle. The transition from Case 4 to Case 5 is due to absorption of the pulmonary conus. This is displayed by the fibrous continuity between the pulmonary and mitral valves. As a result of the absence of the pulmonary conus, the pulmonary valve is found in a lower level than the aortic valve. In this particular case, however, the conal septum is not fully aligned with the ventricular septum; this is a retained feature of double outlet right ventricle. This condition was defined in the past as complete TGA with biventricular pulmonary trunkl9 and it represents a stage in the transition from Taussig-B ng malformation to complete TGA.
In Case 6 ( fig. 2d) While the basic theory of the development of i-transposition is shared by most investigators, 6 27, 28, 38 opinion about d-transposition differs. The main difference between the theory which we have presented and other theories is our multifactorial approach as opposed to the single factorial approach of most investigators. According to Shaner27 and de la Cruz and associates,38 the conal septum rotates as it grows into the ventricles, thus accounting for the spiral shape of the ventricular outflow tracts. In transposition complexes, according to this theory, the conal septum rotates as it grows into the ventricles in a disoriented fashion.27 38 We believe that the investigators favoring this hypothesis interpret the migration of the septum toward the ventricles as growth. It is true that the conal sept,im migrates into the ventricles along the proximal ridges and therefore it does indeed undergo a slight degree of rotation. We believe, however, that the lines along which the conal septum moves into the ventricles are delineated before the septum ever shows. In other words, transposition is determined prior to the growth of the conal septum.
According to Pernkopf and Wirtinger9 TGA results from lack of conotruncal inversion. As shown herein, this mechanism is indeed the basis of the spectrum of d-transposition.
According to Van Praagh and associates,3 d-TGA is due to faulty conotruncal inversion. In their opinion the aortic conus assumes the primitive right position only during d-looping, and conotruncal inversion is a result of later growth of the pulmonary conus. Our embryologic studies as well as those of others,2' 9 11 Keith's12 and Lev and Saphir's39 theories concerning the role of absorption of the aortic conus may explain most situations of TGA but the occasional presence of bilateral coni as well as the existence of absorbed bilateral coni in TGA indicates that the conal absorption is only one factor in the complex development of this anomaly. Van Mierop40 is of the opinion that truncal ridges 2 and 4 fuse as a septum (instead of truncal ridges 1 and 3). To him, this septum is continuous with a normal conal septum. As described in this report, however, the conal part of the septum is as inverted as the truncal septum.
